Bradyrhizobium tropiciagri sp. nov. and Bradyrhizobium embrapense sp. nov., nitrogenfixing symbionts of tropical forage legumes
, isolated from perennial soybean (Neonotonia wightii), and CNPSo 2833 T , from desmodium (Desmodium heterocarpon). Based on 16S-rRNA gene phylogeny, both strains were grouped in the Bradyrhizobium elkanii superclade, but were not clearly clustered with any known species. Multilocus sequence analysis of three (glnII, gyrB and recA) and five (plus atpD and dnaK) housekeeping genes confirmed that the strains are positioned in two distinct clades. Comparison with intergenic transcribed spacer sequences of type strains of described species of the genus Bradyrhizobium showed similarity lower than 93.1 %, and differences were confirmed by BOX-PCR analysis. Nucleotide identity of three housekeeping genes with type strains of described species ranged from 88.1 to 96.2 %. Average nucleotide identity of genome sequences showed values below the threshold for distinct species of the genus Bradyrhizobium (,90.6 %), and the value between the two strains was also below this threshold (91.2 %). Analysis of nifH and nodC gene sequences positioned the two strains in a clade distinct from other species of the genus Bradyrhizobium. Morphophysiological, genotypic and genomic data supported the description of two novel species in the genus Bradyrhizobium, Bradyrhizobium tropiciagri sp. nov. Biological nitrogen fixation, performed by prokaryotes, mostly bacteria, with the ability to convert atmospheric nitrogen into ammonia and thereafter other nitrogen compounds that can be assimilated by plants, stands out as a key process for agricultural production and environmental sustainability (Hungria et al., 2005) . The most effective contribution occurs when the process is performed by bacteria collectively known as rhizobia in symbiosis with leguminous plants (Ormeño-Orrillo et al., 2013) . Brazil is a major producer of several grain legumes of economic importance such as soybean [Glycine max (L.) Merr.], but others are variously employed as green manures, in forestry, and for pastures, among other uses, all contributing to the improvement of soil quality and fertility (Hungria et al., 2005; Ormeño-Orrillo et al., 2013) . Several efficient rhizobial strains for this broad range of applications have been isolated from Brazilian soils and are available for use in commercial inoculants; the great majority belong to the genus Bradyrhizobium (Binde et al., 2009; Menna et al., 2006 Menna et al., , 2009a Roma Neto et al., 2010) . In the last decade, our research groups have reported several studies showing high levels of genetic diversity among indigenous tropical rhizobia, including novel species and several groups that may represent novel species (Binde et al., 2009; Dall'Agnol et al., 2013 , 2014 Delamuta et al., 2012 Delamuta et al., , 2013 Germano et al., 2006; Menna et al., 2006 Menna et al., , 2009a Ribeiro et al., 2009 Ribeiro et al., , 2012 Roma Neto et al., 2010) .
The bradyrhizobial strains used in this study, CNPSo 1112 T and CNPSo 2833 T (Table 1) , were identified as forming independent branches in a previous multilocus sequence analysis (MLSA) phylogeny (Delamuta et al., 2012; Menna et al., 2009a (Vincent, 1970) . Stock cultures were maintained on YMA at 4 8C, while long-term preservation was performed in 30 % glycerol at 280 and 2150 8C, or by lyophilization.
A BOX-PCR genomic fingerprint was generated as described previously (Kaschuk et al., 2006) , using the closest species based on the 16S rRNA gene phylogeny. One cluster included strains CNPSo 1112 T and CNPSo 2833 T and the type strains of Bradyrhizobium elkanii and Bradyrhizobium pachyrhizi, with a similarity level of 81 % (Fig. S1 , available in the online Supplementary Material). Another cluster including the type strains of Bradyrhizobium jicamae and Bradyrhizobium lablabi joined at 84 % similarity. These two clusters were 75.5 % similar among each other. The type strain of Bradyrhizobium retamae occupied an isolated position in relation to the other species, with a similarity level of 73.2 % (Fig. S1 ). Although BOX-PCR is suitable for revealing prokaryotic diversity, the results show that, within the B. elkanii superclade, the diversity is apparently lower than in other rhizobial superclades, especially those of fast growers, as observed previously (Menna et al., 2009b) .
For the 16S rRNA gene analyses, sequences were retrieved from the GenBank database and accession numbers are shown in the phylogram. Neighbour-joining (NJ) and maximum-likelihood (ML) phylogenies were obtained with MEGA6 (Tamura et al., 2013) , using the TamuraNei model (Tamura & Nei, 1993 ) and a multiple sequence alignment constructed with MUSCLE (Edgar, 2004) . Tree node support was evaluated with bootstrap analysis (Felsenstein, 1985) using 1000 pseudoreplicates. NJ and ML reconstructions gave similar results; therefore, only the ML phylogram is presented (Fig. 1) . Species of the genus Bradyrhizobium described so far were included in the 16S rRNA gene tree and two groups were formed, the Bradyrhizobium japonicum superclade and the B. elkanii superclade, as reported by other authors (Delamuta et al., 2012; Durán et al., 2014a, b; Menna et al., 2006 Menna et al., , 2009a Ramírez-Bahena et al., 2009; Yao et al., 2015) . CNPSo 1112 T and CNPSo 2833 T were included in the B. elkanii superclade. B. retamae and Bradyrhizobium valentinum were isolated, and CNPSo 1112 T formed a clade that was closely related to B. elkanii, B. pachyrhizi and Bradyrhizobium ferriligni. CNPSo 2833 T clustered with B. jicamae, Bradyrhizobium erythrophlei and Bradyrhizobium neotropicale (Fig. 1) . The 16S rRNA gene sequences of the two strains shared 99.6 % identity, and the level of similarity among all members of this genus ranged from 96.4 to 100 % (Table 2) .
Although the 16S rRNA gene is used widely to assess phylogenetic relationships among bacteria, in some genera, including Bradyrhizobium, it is very highly conserved, thus limiting species definition (Delamuta et al., 2012; Menna et al., 2006 Menna et al., , 2009a Wang & Martínez-Romero, 2000) . To improve our knowledge about the rRNA gene region, we also analysed the 16S-23S rRNA intergenic transcribed
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Bradyrhizobium denitrificans spacer (ITS). An NJ phylogram was build using a matrix of uncorrected distances (Willems et al., 2001) and revealed that strains CNPSo 1112 T and CNPSo 2833 T were distinct from other bradyrhizobia (Fig. S2) . The strains showed only 82.7 % identity to each other and less than 93.1 % identity to all other species of the genus Bradyrhizobium (Table 2 ). In a pioneering study, Willems et al. (2003) reported that strains of Bradyrhizobium with less than 95.5 % similarity in their ITS sequences belonged to different species, showing less than 60 % DNA-DNA hybridization.
To overcome the limitations of the 16S rRNA gene, other housekeeping genes with higher rates of evolution have been used to provide more information on phylogenetic relationships, in the MLSA approach (Azevedo et al., 2015; Gevers et al., 2005; Ribeiro et al., 2009 Ribeiro et al., , 2012 Ribeiro et al., , 2013 Ribeiro et al., , 2015 Rivas et al., 2009; Thompson et al., 2005) . MLSA phylograms were reconstructed as described for the 16S rRNA gene, first considering the glnII, gyrB and recA genes, since their sequences are available for all species of the genus Bradyrhizobium. In contrast to the 16S rRNA Bradyrhizobium tropiciagri and B. embrapense spp. nov.
gene phylogeny (Fig. 1) , where strains CNPSo 1112 T and CNPSo 2833
T did not occupy well-defined positions, the MLSA phylogeny grouped both strains with B. elkanii, B. pachyrhizi and B. ferriligni, with 99 % bootstrap support (Fig. 2) . It is worth mentioning that MLSA with three housekeeping genes has been used as support for the description of novel rhizobial species (Dall'Agnol et al., 2014; Delamuta et al., 2013; Ribeiro et al., 2015) . In addition, a phylogram was reconstructed with five protein-encoding genes (glnII, gyrB, recA, atpD and dnaK), and similar results were obtained (Fig. S3) . Both phylograms show that strains CNPSo 1112 T and CNPSo 2833 T do not belong to any described species of Bradyrhizobium. In addition, although CNPSo 1112 T and CNPSo 2833 T were more related to each other than to B. elkanii, B. pachyrhizi or B. ferriligni, they formed a clade with low bootstrap support (75 % or less), suggesting that they do not belong to the same species (Figs 2 and S3 ).
The range of nucleotide identity between described species of Bradyrhizobium calculated from the three concatenated T were B. elkanii, with nucleotide identities to the type strain of 95.6 and 96.2 %, respectively, and B. pachyrhizi, with nucleotide identity to the type strain of 95.9 % for both strains. These values are lower than the 97.0 % suggested as a threshold for definition of species of the genus Bradyrhizobium (Durán et al., 2014a), indicating that the two strains represent two novel, distinct species.
Average nucleotide identity (ANI) of genome sequences represents an alternative to DNA-DNA hybridization to estimate genome relatedness, and has been used recently in rhizobial taxonomy (Dall'Agnol et al., 2013 , 2014 Delamuta et al., 2013; Durán et al., 2014a, b (Table 3) .
To determine the DNA G+C contents of CNPSo 1112 T and CNPSo 2833 T , genome contigs were concatenated and the proportions of G+C bases were calculated with BioEdit (Hall, 1999) . The genome of strain CNPSo 1112
T had a G+C content of 63.49 mol%, while that of CNPSo 2833 T was 62.81 mol%, which fall within the range reported for members of the genus Bradyrhizobium (Xu et al., 1995) .
The main agronomic feature of CNPSo 1112
T and CNPSo 2833
T is their high efficiency in fixing atmospheric N 2 with the hosts from which they have been isolated, perennial soybean and desmodium, respectively. As genes related to nodulation and nitrogen-fixation capacity may provide additional information about their symbiotic properties, we investigated both features. Under sterile substrate conditions, CNPSo 1112 T and CNPSo 2833 T had their effectiveness in nodulating and fixing nitrogen with their respective host legumes confirmed (data not shown). In addition, both strains were unable to nodulate soybean [Glycine max (L.) Merr.] and formed ineffective nodules on common bean (Phaseolus vulgaris L.). CNPSo 2833 T formed effective nodules when in symbiosis with siratro (Macroptilium atropurpureum), while CNPSo 1112 T formed ineffective nodules with this legume. CNPSo 2833 T was unable to nodulate perennial soybean (data not shown).
Sequences of the nifH and nodC genes were obtained in this study (according to Menna & Hungria, 2011) or retrieved from the GenBank database and accession numbers are shown in the phylograms. In phylogenetic trees reconstructed from both nifH (Fig. 3) and nodC (Fig. S4) gene sequences, CNPSo 1112 T and CNPSo 2833 T clustered together, but were separated from all other species of the genus Bradyrhizobium, indicating the evolutionary specificity of nitrogen-fixation-related genes.
Fatty-acid profiles were determined using the MIDI Sherlock Microbial Identification System (MIDI, 2001 with the TSBA6 database after growth on YMA (Delamuta et al., 2013) to the end of the exponential growth phase (5 days). The main fatty acids of CNPSo 1112 T and CNPSo 2833 T were C 16 : 0 and summed feature 8 (C 18 : 1 v6c and/or C 18 : 1 v7c), typical of the genus Bradyrhizobium (Tighe et al., 2000) , but with different concentrations, and C 19 : 0 cyclo v8c, with CNPSo 2833 T strain exhibiting a larger proportion of this fatty acid in comparison with CNPSo 1112 T (Table S1 ).
Phenotypic tests were performed and the most relevant data are shown in Table 4 . Type strains of B. elkanii, Cells are Gram-negative, non-spore-forming rods. Colonies are 0.93-1.15 mm in diameter, circular, convex, translucent, with low production of mucus and slightly pink when grown in YMA medium containing Congo red after 7 days of growth at 28 uC. Produces an alkaline reaction in YMA containing bromothymol blue. The generation time is 7.49 h in YM broth. Grows at pH 4.5-8.0, with optimal growth at pH 6.8. Able to grow at 37 uC and in LB broth but not at 40 uC or in the presence of 1 % NaCl. Test for urease activity is positive. 
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T 5SEMIA 6208 T 5U674 T 5LMG 29087), isolated from a nodule of Desmodium heterocarpon in Colombia and very effective in fixing nitrogen with the host legume. Its DNA G+C content is 62.81 mol%.
